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Cryogenic properties of optomechanical silica microcavities
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We present the optical and mechanical properties of high-Q fused silica microtoroidal resonators
at cryogenic temperatures (down to 1.6K). A thermally induced optical multistability is observed
and theoretically described; it serves to characterize quantitatively the static heating induced by
light absorption. Moreover the influence of structural defect states in glass on the toroid mechanical
properties is observed and the resulting implications of cavity optomechanical systems on the study
of mechanical dissipation discussed.
Introduction.— From their ability to combine both
high optical and mechanical properties in one and the
same device, micro-toroidal optomechanical cavities can
be considered as a promising system for future progress
in optomechanics at low phonon number [1]. In partic-
ular these resonators support high frequency and low
mass mechanical eigen-modes (in the range of 60MHz
and 10 ng, respectively) -whose clamping losses can be
strongly suppressed with a suitable geometric design [2]-
as well as simultaneously ultra-high finesse (106) opti-
cal resonances. This feature allows to enter deeply the
resolved sideband regime [3], a prerequisite for cooling
their radial breathing mode - a macroscopic mechani-
cal oscillator- down to its quantum ground state. The
cryogenic cooling of the resonator lowers the initial mean
phonon occupancy of the mode of interest that can be
further reduced by optical cooling [4, 5, 6]. However, the
specificity of the device, based on an amorphous mate-
rial which confines the photons within the dielectric res-
onator, induces non trivial and hereto unobserved behav-
ior that is presented in this letter. Moreover we discuss
systems suitability for further progress towards quantum
optomechanics. In particular the phonon coupling to the
structural defect states of glass opens promising perspec-
tives for amorphous optomechanical microcavities, that
may represent a new powerful tool for probing mechani-
cal decoherence at low temperatures[7].
Experimental setup.— A tunable 1550-nm diode laser
is coupled by means of a tapered fiber to an optical res-
onance of a microcavity, hosted in a 4He exchange gas
cryostat. The mechanical vibrations of the toroid are
imprinted on the phase of the transmitted laser field and
detected via a Pound Drever Hall technique, providing
a high sensitivity measurement of the toroid’s displace-
ment noise [8, 9]. No significant modification of its opto-
mechanical properties were observed when working with
light intensities below 1µW. To overcome photodetector
dark noise, it is possible to take advantage of a low noise
erbium doped fiber amplifier (EDFA), which when com-
bined with a low noise Koheras fiber laser, yields a typical
displacement sensitivity of 3 × 10−18m/
√
Hz at 60MHz
achieved with 1µW of laser power injected in a 105 fi-
nesse optical resonance. In this manner, the resonator’s
Brownian motion can be monitored down to 1.6K (corre-
sponding to an average occupancy of 600 phonons) with a
signal-to-noise ratio (> 10 dB at 1.6K) sufficient for mea-
suring the mechanical quality factor Q, the resonance fre-
quency Ωm/2pi and the effective temperature of the radial
breathing mode. The latter was compared to the cryo-
stat temperature, determined with semiconductor sen-
sors, and no differences (at the level of 0.5K) could be
observed, indicating that the displacement read-out does
not induce any significant temperature increase via light
absorption or dynamical back action. The proper ther-
malization of the toroid -even for the micro-structures
weakly coupled to the silicon substrate [2]- requires a He-
FIG. 1: (color online).(a): Experimental setup. PFC: polar-
ization fiber controller, EDFA: Erbium doped fiber amplifier.
(b): Typical displacement noise spectrum obtained at low
temperature (1.6K, 4mbar) for the radial breathing mode of
a 30-µm-radius toroid oscillating at 63MHz. The measure of
the rms amplitude of its Brownian motion (ca. 4 fm) serves
as a toroid temperature sensor, proving its proper thermal-
ization ensured by the exchange gas. (c): optical resonance
frequency νo(T ) vs. temperature. The solid line represents a
polynomial fit of the data. (d) Relative optical frequency shift
with temperature; i: −1
νo
dνo
dT
; ii: silica’s thermal expansion co-
efficient α [10]; ii: inferred refractive index contribution, dneff
dT
;
iv: measured contribution of silica’s refractive, from ref.[11],
and extrapolation to lower temperatures.
2lium gas pressure of ca. 5mbar, sufficiently low for not
increasing its mechanical losses by acoustic damping.
Temperature dependent optical resonance frequency—
The high optical quality factor are preserved at low tem-
perature, and no significant change (at the MHz level)
could be observed. The frequency νo(T ) of the micro-
cavity optical resonance varies with the cryostat temper-
ature (cf. Fig.1c), presenting a −135MHz/K shift at
30K that reverses [12] around T ⋆ = 13.3K and reaches
+100MHz/K at 2K. The measurements were performed
at low light intensity (< 100 nW) in order to avoid in-
ducing any thermal or optical (e.g. Kerr [13] or radia-
tion pressure) non-linearities that could have altered the
optical resonances, and at a pressure of 10mbar which
moreover ensures a good thermalization. The frequency
shift originates both from a mechanical expansion (ther-
mal expansion coefficient α) and a change in the effec-
tive refractive index neff of the resonator according to
the relation: − 1
νo
dνo
dT
= α + dneff
dT
. Both silica and the
surrounding medium contribute to the effective refrac-
tive index: neff = (1 − η)nSiO2 + ηnext where η is the
evanescent fraction of the optical mode and ranges be-
tween ca. 0.1 to 5% depending on the spatial shape of
the mode. The inferred variation of the effective refrac-
tive index dneff
dT
is shown in Fig. 1d. This estimation is
in agreement at high temperature (30K) with measure-
ments reported in Ref. [11]. Below 7K, the effective
refractive index temperature dependence becomes nega-
tive. This is a consequence of the presence of the sur-
rounding exchange gas, since additional measurements
performed at 50mbar presented an increased negative
shift, of −520MHz/K at 2K. From the recorded pres-
sure evolution in the experimental chamber, the change
in the Helium refractive index have been estimated [14]
at a level of ca.−10 ppm/K at 5K, which is in agreement
with the measured value of (−.15 ppm/K). A quantita-
tive study of the surrounding Helium contribution will
allow to measure for the first time silica’s optical refrac-
tive index at low temperatures (note that the tempera-
ture dependence of silica’s microwave dielectric constant
is known to reverse [15]). The inversion takes on high
practical interest since it renders the cooling side of the
resonance thermally stable [16], as opposed to room tem-
perature situation.
Optical multistability.— The measured temperature
dependence is responsible for a thermally induced multi-
stability. A fraction of the light is absorbed inside the sil-
ica resonator whose temperature increases and induces an
optical frequency shift that distorts the Lorentzian pro-
file of the resonances. If the optical resonance is shifted
by more than half its linewidth, a bistability appears, as
can be observed in Fig. 2a (i). It can only be observed
for resonances whose half linewidth is smaller than the
optical frequency shift between the cryostat temperature
T0 and T
⋆ (i.e. F > 10 000 at 4K for a radius of 30µm).
For increasing input intensities, it is possible to observe a
regime where the cavity transmission presents two turn-
ing points. This is a consequence of the inversion of the
FIG. 2: (color online). (a) Above: normalized intracavity
intensity I˜ versus laser normalized detuning ϕl for increas-
ing input powers (resp. 13, 131 and 260µW) presenting a
multistable behavior (finesse F = 44 000, optical linewidth
2Ωc/2pi = 28MHz critically coupled, T0 = 2.3K). Below: re-
sults of the simulations for increasing µ parameter (resp. 0.8,
8.4 and 16.7). (b) laser detuning of the four turning points
as a function of the input power (105 finesse, 4K and R =
30µm). Their relative position defines the different observ-
able regimes, that are reported in panel (c) as a function of the
cavity finesse. (c):(i): monostability; (ii): ”red side” bista-
bility; (iii): “blue side” bistability; (iv , v): tristability; (vi)
double bistability. (d) Typical transmission curve obtained
for a lower exchange gas pressure (0.5mbar, Pin = 280µW,
F = 31 000) presenting a double bistable behavior (region vi).
(e) Typical (splitted) cavity resonances observed for higher He
pressure (70mbar, T = 2.0K, F = 17 000) for increasing in-
put power (resp. 3, 5, 8 and 16µW) that reveal the formation
of a superfluid Helium film on the microcavity (see text).
optical frequency shift that creates additional working
points if the light induced temperature increase is strong
enough to reach the inversion temperature (T ⋆).
To model the multi-stability, one has to take into
account the coupling between the optical field α and
the effective resonator temperature T . The normal-
ized complex intracavity optical field α˜ ≡ α/√Imax,
where Imax ≡ IinK Fπ is the maximum intracavity pho-
ton flux expected for a input flux Iin and coupling effi-
3ciency K (K = 1 in case of impedance matching), follows
the dynamical equation: 1
Ωc
dα˜
dt
= (−1 + iϕ(t, T )) α˜ + 1,
where the laser to cavity detuning ϕ is normalized to
the cavity bandwidth Ωc/2pi = c/(4pinRF) and can
be written as ϕ(t, T ) = ϕl(t) − 4πnRFc νo(T0 + δT (t))
where ϕl stands for the laser frequency scan and δT
is the effective temperature increase induced by light
absorption. The dynamical equivalent temperature re-
sponse depends on the mechanism considered (expan-
sion or refraction), we define here a global thermal re-
sponse function χth for the effective temperature in-
crease, δT (t) = hνImax
∫ t
−∞
χth(t− t′)I˜(t′)dt′, where
I˜ = |α|2/Imax is the normalized intracavity intensity.
The static working point of the system is then solu-
tion of 1 + (ϕl − 4πnRFc νo(T0 + µI˜))2 = 1/I˜, with
µ ≡ hνI¯maxχ¯statth being the maximum light induced heat-
ing expected, χ¯statth =
∫
∞
−∞
χth(t)dt, in K/W representing
the induced static heating per intracavity power. A fit
(with a 7th order polynome) of the experimental νo(T ) is
used for the numerical resolution of the non-linear equa-
tion. It allows to calculate the normalized intracavity
intensity for each laser detuning ϕl and for various in-
put intensities Iin by varying the parameter µ. The re-
sults of the simulation are shown in Fig. 2a and present
a remarkable agreement with experimental traces. The
dynamically unstable branches are marked with dashed
lines. Compared to higher temperature behavior, the up-
per stable branch does not present the typical triangular
shape [16] (also observed for Kerr or radiation pressure
non-linearities) but is progressively curved as the tem-
perature approaches T ⋆ (i, ii). When the input intensity
is sufficient for heating the resonator beyond T ⋆, two new
branches appear, allowing the onset of a novel multista-
bility (iii). At even higher intensities, the upper branch
can be found at a laser detuning lower than the ”blue
side” lower turning point (cf. Fig. 2d inset), inducing a
characteristic double turning point feature when reducing
the laser frequency. This mechanism also allows to quan-
tify the temperature increase induced by light absorption
(i.e. the parameter χ¯statth ). A simple estimation can be
obtained by measuring the injected power P thresin required
for observing the multistability (or µ = T ⋆−T0) and the
cavity optical parameters (coupling and internal losses ).
A value of χ¯statth ≈ 4.5K/W is extracted for an exchange
gas pressure of 5mbar. For lower pressures of exchange
gas, it increases up to 8.6K/W at 0.5mbar (assuming the
same static optical shift), emphasizing its crucial role for
thermalization. The static heating of the resonator is of
particular relevance in the context of ground state cooling
of mechanical modes that requires high optical cooling
power (up to ca. 1mW), since it competes with the laser
cooling. It can however be strongly circumvented in the
resolved sideband regime where the laser is far detuned
from the optical resonance.
For completeness, it is important to mention that at
higher exchange gas pressure, it is possible to enter the
4He superfluid phase where a thin layer of Helium ap-
pears on the surface of the microcavity. A clear signa-
FIG. 3: Mechanical damping Q−1, and relative frequency
shift δΩm/Ωm, versus temperature for 36-MHz- (red circles)
and 63-MHz- (black squares) resonators. The temperature
dependence observed reveal the coupling between phonon and
structural defects of glass, modelized by an assembly of TLS.
The solid line is a fit of the thermally activated regime (above
10K) according to [18]. The dotted line corresponds to an
acoustic wave attenuation experiment at 40MHz [19].
ture of this phenomena is imprinted on the microcavity’s
optical transmission (cf. Fig. 2e). At low light intensi-
ties, the cavity resonances are undeformed and simulta-
neously slightly red shifted (ca. -40MHz). It corresponds
to the build-up in presence of the superfluid layer whose
refractive index temperature dependence reverses below
the lambda point [17] and underlines the increased heat
extraction efficiency. If the intracavity intensity exceeds
6.3mW, the optical resonances are seriously deformed,
presenting a blue shift of the maximum build-up that is
found again to strongly depend on the injected power.
Note also that the total optical frequency shift observed
(> 1GHz) at 70mbar is higher than the 350 MHz mea-
sured at 10mbar, underlining the role of the surrounding
Helium in the static frequency shift observed. Micro-
cavities constitute a promising tool for non destructive
studies of Helium films, and will be subject of further
report.
Mechanical properties — The amorphous nature of the
micro-resonator strongly influences its mechanical behav-
ior. Indeed, the experiment provides a novel way of prob-
ing phonon propagation properties (speed of sound and
attenuation) in glass at low temperatures [7], that can
be deduced from the micro-resonator’s Brownian motion
(respectively its mechanical frequency and quality fac-
tor). Results are represented in Fig. 3 and present a non
trivial temperature dependence that is characteristic of
amorphous materials. Indeed, most of their acoustic and
dielectric properties, ranging from kHz to GHz frequen-
cies, that have been widely studied in bulk materials,
can be explained [20, 21] by considering a coupling of
the strain and electromagnetic fields to the structural
defects of glass -whose origin is still under investigation-
modelized as an assembly of two-level systems (TLS) pre-
4senting a wide distribution of energy parameters. Inter-
estingly, our approach consisting of a high sensitivity de-
tection of the thermal displacement noise in a micromet-
ric acoustic resonator -the least perturbing measurement-
gives results in good agreement with direct studies of
sound propagation in bulk material, relying on an exter-
nal acoustic driving.
The mechanical damping presents a maximum at ca.
50K of Q ≈ 500, corresponding to the thermally acti-
vated relaxation regime. It is fitted here with the param-
eters taken from [18]. Below 10K the relaxation mecha-
nism is dominated by tunneling assisted transitions be-
tween the two levels of the defects. They are responsible
for both the plateau (Q ≈ 1200 at 5K) and the further
improvement of the mechanical quality factor observed at
lower temperatures and higher frequencies (Q ∝ Ωm/T 3).
In the context of ground state cooling, it is impor-
tant to maintain a high mechanical quality factor at low
temperatures for facilitating the readout and providing
an efficient temperature reduction with optical cooling
techniques. In this view, a promising mechanical Q fac-
tor above 30 000 for 90MHz oscillators can be expected at
600mK [20], a temperature at which the 3He vapor pres-
sure is still high enough (ca. 1mbar) to ensure a proper
thermalization of the resonator in the resolved sideband
regime.
It is important to mention here that the phonon cou-
pling to the assembly of two-level systems opens promis-
ing future perspectives for amorphous materials based
optomechanical devices. Indeed it has been shown that
in addition to the relaxation mechanisms described above
there also exists processes where the phonon resonantly
interacts with the TLS presenting the right energy split-
ting [21]. This mechanism dominates the phonon prop-
agation properties at lower temperatures and higher fre-
quencies (and is responsible for the anomalous elec-
tromagnetic dispersion previously mentioned). At 1K
and 500MHz, their contributions have similar magnitude
[20, 21]. Our system has the potential for entering this
resonant regime since higher frequency oscillators can
be obtained by reducing the toroid size and working on
higher order radial breathing modes, that could be still
thermalized and monitored in 3He cryostats.
There exists a finite density of TLS and it has been
shown that they can be saturated at both high electro-
magnetic or acoustic intensities [22] (J satac ≈ 10−3W/m2
at 1K). The latter would require an mechanical driving
of δx =
√
2Jsat
ac
ρcsΩ2m
≈ 2 fm that is experimentally feasible
via radiation pressure force and well within the detection
capacity offered by optical readout. Importantly, the
TLS can be coupled simultaneously to strain and elec-
tromagnetic fields and cross-couplings have been demon-
strated [23] at microwave intensities (20W/m2 at 1K)
that could feasibly be implemented. This would allow a
possible control and read-out of the resonator mechan-
ical state by mean of an external radio frequency field,
a promising step towards mechanical quantum state en-
gineering. Furthermore, this interaction has allowed to
generate phonon echo phenomena [24] at temperatures
and frequencies where the equivalent mechanical oscil-
lator would be found at occupancies close to unity and
could be interestingly exploited to measure mechanical
decoherence at low phonon number [25].
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